A magnetic monopole detector with a sensitivity range down to extremely small magnetic charge is described. Backgrounds in the detector are discussed and representative background distributions are given. Appropriate steps to minimize these backgrounds are detailed. The region of sensitivity of the detector to magnetic monopoles in terms of monopole charge and monopole mass is given.
I. INTRODUCTION
In 1931 P.A.M. Dirac suggested' the possibility that a particle might exist which carries magnetic charge, giving theoretical impetus to an ongoing experimental effort to find magnetic monopoles. In that same paper Dirac also derived a relationship between electric and magnetic charges:
eg n -=- 
where n is an integer; ti and c have their usual significance. Using the value of the electron charge (which satisfies $ zz 6) in Eq. (1) yields the Dirac unit of magnetic charge, gD E 68.5e ,
the smallest nonzero value of magnetic charge which satisfies Eq. (1) . As a result of Eqs. (1) and (2), the notion that magnetic monopoles would carry a large charge, one or more Dirac units, has dominated almost all experimental searches. To date, no confirmed evidence for such a particle ever been presented, and the limits on its possible occurrence continue to decrease.2
The purpose of this paper is to describe the apparatus of an experiment which adds diversity to the on-going searches for particles carrying ngD. Specifically, the sensitivity of this experiment ranges from well above the usual Dirac charge down to extremely small magnetic charges, i.e. down to "1Q-8gD. Below "IQ-2gD is virgin territory and as such is the experimental motivation for this effort3
II. EXPERIMENTAL APPARATUS
Briefly the approach of this experiment is to extract monopoles from a source and magnetically accelerate them into a detector. 5 While the experimental set-up can be configured in various ways, we describe here only the most recent configuration, which consists of four basic components: source, accelerator, sweeping magnet, and detector; the arrangement of these components is depicted in Fig. 1 .
The source is a (commercially available) tungsten filament onto which monopoles or samples thought to contain monopoles may be placed. One technique for doing this is the use of a vacuum furnace, depicted in Fig. 2 .
The sample to be investigated for monopole content is placed in the furnace crucible, which is heated by passing a dc current through a (commercially available) tungsten basket heating coil. The heat evaporates monopoles from the sample, and the magnetic field from the coil then propels them upwards through a deceleration coil (which reduces the monopole velocity) toward the mirror coil, set at ~45'. The mirror coil "reflects" the monopoles out of the upward moving stream and directs them horizontally into a recessed chamber housing the (source) filament. It is assumed that monopoles that hit the filament will remain deposited on its surface. The appropriate pole of a small permanent magnet is placed inside the filament to the enhance collection efficiency. Furnace trajectory calculations indicate that this increases the furnace efficiency by a factor -7.
Placing the filament in a recess protects it from contamination by the general evaporation products from the sample.
Assuming that the crucible is hot enough to evaporate monopoles from the sample,7 the efficiency of the monopole transport and deposition is estimated to be about l%, which includes the enhancement of the collection dipole. While this may seem low, one should note that the solid angle subtended by a filament at a distance of the trajectory path length in the furnace, -30 cm, is -10m4 of 47r steradians. By connecting the external furnace coils, i.e. the deceleration and mirror coils, in series with the heating coil, this efficiency is insensitive to the heating current, the magnitude of the monopole charge, or its mass. The sign of the monopole charge to be collected is chosen by selecting the direction of the current through the three furnace coils and also the orientation of the collection dipole at the filament.
For a data run, the filament is first exposed in the furnace and then transferred to the main apparatus where it is used as the source as shown in Fig. 1 .
Electrically heating this filament with a dc current, then drives the monopoles off of the filament, making them available for acceleration. When the current in the superconducting solenoidal accelerator magnet I,, = 400 A, the magnetic field at the location of the source filament is -300 G. This field is several times greater than the largest field associated with the filament heating current and the capture of evaporated monopoles into the acceleration field is assured. Trajectory calculations indicate that monopoles thus captured will enter the electron multiplier tube (EMT) aperture, approximately 1.2 x 1.0 cm2 in area.
The accelerator consists of a superconducting solenoidal magnet with a 7 cm warm bore. The solenoidal magnetic field will accelerate magnetic monopoles along the magnetic axis, imparting to them a kinetic energy (in electron volts)
where the factor 300 converts statvolts to volts and g/e is the monopole's magnetic charge normalized to the electron charge. It is interesting to note that The EMT assembly, which includes two cylinders of magnetic shielding, is located inside a coil that bucks out the fringe field from the accelerator magnet. The sum of the bucking and fringe fields is monitored outside the vacuum pipe at the EMT location as indicated in Fig. 1 . Knowledge of the field at this location is important because the gain of the EMT is affected by magnetic field leaking through the magnetic shielding. In an effort to eliminate gain variation of the EMT due to leakage flux variations, the main solenoid and the bucking coil are both computer controlled and are ramped together at a constant current ratio to the chosen operating point.
The EMT anode signal is fed through a low noise blocking capacitor. This feature enables one to set independently the voltage on the first dynode and total voltage across the dynode chain VET: as will be seen below, the former has a significant effect on background counts while the latter controls the tube gain.
VET has been arbitrarily standardized at 3000 volts.
The source and the EMT are in a common vacuum system to eliminate the possibility that monopoles of small charge might not have very much penetrating power. This design feature, however, entails the disadvantage that outgassing from the filament or from any sample heated by the filament will raise the pressure in the EMT. The use of the vacuum furnace to evaporate monopoles out of samples and onto the filament prior to its installation into the detector apparatus essentially eliminates this outgassing problem. Consequently, while the use of a furnace entails an additional step in the experimental procedure with its attendant uncertainties, it enables the processing of greater quantities and varieties of samples.
During the data and background runs the vacuum in the system can be easily These backgrounds have been studied throughout the parameter space of the experimental apparatus, and the results of these studies are described below.
General Backgrounds
With appropriate settings the general background rate, due to cosmic rays, tube noise, local radioactivity, etc., can be reduced to less than one count/minute (summed over all channels). The most important parameter here is the voltage VI on the first dynode and entrance grid (electrically joined in the R-596) of the EMT; if VI is kept negative, it will repel free electrons (and negative ions) in the vacuum system, and if it is kept small ([VII < 100 V) the efficiency for positive ions to generate a secondary electron is very small. A typical general background distribution, labeled "Cosmic Rays," is plotted in Fig. 3 . Although this background is not serious for short data runs, it does set a lower limit of sensitivity for monopole counts in the qVt spectrum.
Electrons
Although a hot filament is well known to be a copious source of electrons, this possible source of background can be eliminated by making VI negative, precluding (low energy) electrons from entering the dynode chain. This negative potential also eliminates negative ions as a source of background. The setting VI = -50 volts was selected for data runs. On the other hand, a negative potential will attract positive ions and some care must be devoted to the control of the positive ion background.
Positive Ions
It is well known that positive ions are emitted from a heated filament.ll These consist of ionized atoms of the source material as well as those of various impurities it may contain. At relatively low temperatures, the emission rates and the proportions of the different ion species can vary greatly. One can enhance the positive ion counting rate by setting the filament to a positive voltage to give the positive ions an initial kinetic energy and by setting VI to 2 -1000 V to enhance secondary electron emission at the first dynode. A typical "enhanced" ion count rate curve versus filament current IF (and an estimated filament temperature) is given in Fig. 4 . We note that the currents in this plot are below that at which there are enough ultraviolet photons to give any qVt counts (see Fig. 10 ).
One means of controlling the ion count rate is by varying the filament to ground potential. A typical ion count rate curve versus the voltage on the (positive terminal of the) filament with respect to ground is given in Fig. 5 . The abrupt rise in rate in the range 4 < Vo < 7 volts is associated with the ionization work function of the major ion in the beam. l2 The width of this step is presumed to be due mostly to the 0.8 volt drop across the filament at 18 A. It is important to note that when Vi is less than the ionization work function, that emission of ions from the filament is highly suppressed and, in fact, for Vi -0, the positive ion count rate is very close to the general background rate of -1 count/min.
The ion count rate versus (minus) the first dynode voltage VI (keeping total EMT voltage constant) is plotted in Fig. 6 . This curve indicates that the sensitivity of the EMT to positive ion counts is essentially eliminated by operating the first dynode at -50 V. As can be seen from Fig. 6 , this step reduces the ion count rate to essentially that of the general background. That the first dynode voltage should effect the ion count rate so dramatically is quite understandable, since in this experimental apparatus this voltage or potential is the major source of the kinetic energy with which the ion strikes the first dynode; the only other source is the filament offset voltage (less the ionization work function), which for the curve in Fig. 6 contributes -4 volts.
For selected values of VI, the spectral distributions of the ion counts are given in Fig. 7 . The increase in pulse height with an increase in IV11 is clearly manifest. A plot of the first moments of some ion distributions versus VI is given in Fig. 8 . From Fig. 6 we see that the probability that an ion will generate secondary electrons drops precipitously for VI 5 -400 volts. From the location of the "Photon Calibration Point" connected by the dashed extension to the values of the first moments in Fig. 8 , we conclude that the probability of the emission of more than one secondary election tends to vanish as the probability of detection drops. In fact, the data plotted in Fig. 8 indicates that for IVll 5 200 V pulses from the later dynode stages, rather than the first stage, are the major source of the qVt distributions; the first moment of these distributions becomes significantly smaller than that associated with a single photo electron.
It is clear from the above discussion that even at low temperature, a filament can be a copious source of ion counts in the EMT and effective steps must be taken to control this background. The first step is to set Vi less than the ionization work function, which suppresses the emission process. Figure 5 indicates that this step, grounding the positive terminal of the filament, affords a suppression factor of 2 105. The second step is to suppress the detection process. From It is important to note here that when the monopole accelerator magnet is on, the axial field channels ions from the filament to the EMT with an enhanced efficiency, thereby increasing system vulnerability to this source of background.
This effect is especially pernicious since it tends to result in counts which correlate with the presence of the acceleration field, just as one supposes valid monopole counts would do. This ion beam enhancement factor has been measured. It rises quickly, even at small Iac; at Iac = 1.2 A, there is already an enhancement by a factor 10. The effect saturates by Iac = 100 A and remains flat out to IBc = 400 A at a factor of -100. With the two suppression factors of lo5 discussed above, and the ability to use the sweeping magnet to check residual ion contamination, this ion collection enhancement is not a serious problem.
Photons
The photon induced background rate in the EMT does not become significant until IF -50 A. Figure 10 gives a rate curve of the total photon count rate in the qVt vs. IF. As one would expect, these rates were found to be independent of Iac. In Fig. 11 are given ml and fi2 for some qVt spectra of photon induced background as a function of IF. The ion background in these spectra was eliminated, as discussed above, by setting Vi = 0, VI = -50 V, and Is = 5 A.
The fact that ml and fi2 are not functions of IF indicates the spectral shapes are independent of IF, even though the rate varies by more than two orders of magnitude (in the region, IF > 60 A). I n a similar way we also established that the spectral shape of the photon qVt distribution is also independent of &.
In Fig. 3 a typical photon qVt distribution is given. Note that while the high number of counts in the lower channels tends to obscure attendant monopole counts in that region, the spectrum is void above channel 510, and even a few monopole counts in this latter region would be noticed. If one assumes that the monopole qVt distribution would resemble that of a 2 kV ion beam, say, then -5% of the monopole distribution would appear above channel 510. Consequently, such a monopole distribution containing 100 counts would permit the unambiguous detection of monopoles by inspection. Such a monopole distribution containing fewer counts could be identified by fitting the data spectrum (photons plus monopoles) to the known shapes of the (photon) background spectra. The efficacy of such a procedure would, of course, depend upon the number of counts in the data spectrum and to what extent the monopole spectrum differed from the background spectrum, which in the case of photons is characterized by single photoelectron emission from the first dynode.
IV. CONCLUSION
The above sections have described a device capable of detecting magnetic monopoles of very small charge. The operation is straightforward; the monopoles are evaporated from a filament and then accelerated in a vacuum by a large solenoidal magnetic field into an EMT, where they are detected. It is the large amount of energy which the solenoidal magnetic field can transfer to a magnetic charge that enables this apparatus to be sensitive to such small magnetic charges.
By the study of ions emitted from the source filament, it was shown that the ion detection probability becomes significant when the ion has -400 keV of kinetic energy. In order to estimate the minimum charge of a monopole which this apparatus could detect, we arbitrarily multiply this number by a factor ten, specifying 4 keV of kinetic energy as necessary for monopole detection. Using this value (and Idc = 400 A) in Eq. (3) yields a minimum detectable magnetic charge of 2.5 x 10-8gD. This limit is indicated in Fig. 12 .
In order to be detectable, we also assume that the monopole velocity at the EMT must be equal to or greater than that of a 4 keV tungsten ion (p E 2 x 10S4).
This latter assumption specifies the maximum mass of a detectable monopole as a function of monopole charge. This velocity limit is also indicated in Fig. 12 .
One can see that while this apparatus cannot accelerate a massive Grand At a given current, the filament temperature, of course, is not uniform; the ends are cooled by thermal conduction to the lead supports, and the center tends to be heated by radiation and conduction from the adjacent turns. 11. Plot of the spectral moments ml and ,/G& of photon qVt distribution as a function of IF. Instead of m2, it is more informative to compare fi,, the rms of the distribution, to ml; from the defining equations, Eqs. (4) and (5), one sees that ml and fi2 can both be thought of as channel numbers.
(m2 is like the square of a channel number.) The ion background counts were suppressed as in the photon distribution shown in Fig. 3 . 
